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Tensile-strained epitaxial La0.67Ba0.33MnO3 (LBMO) film has been prepared by magnetron sputtering technique on (001) oriented 
spinel MgAl2O4 substrate. The transport and magnetic measurements give an insulator-metal transition and paramagnetic-ferro- 
magnetic transition occurring at ~150 K and 250 K respectively, which implies the phase separation in such a tensile-strained film. 
By analyzing the angular and temperature dependences of the ferromagnetic resonance (FMR), we determine the magnetocrystal-
line anisotropy of the film. It is found that the tensile-strained film is dominated by an easy-axis corresponding to the compressive 
out-of-plane direction, though the magnitudes of anisotropy constants are relatively small and their temperature dependences are 
some complex. Furthermore, the FMR spectra show additional spin wave resonance (SWR), and the field positions can be in-
dexed to follow a linear dependence on the square of index n. The scaling gives a spin-wave exchange stiffness D of 20.7 meV Å2 
at low temperature, which is less than half of that in strain-free LBMO films, implying that the double exchange interaction is 
remarkably suppressed in the tensile-strained LBMO films. 
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Alkaline earth-doped manganites (La1xAxMnO3, A=Sr, Ca, 
Ba) are particularly interesting as constituents in hetero-
structures because of sharing the same basic perovskite 
crystal structure with many dielectrics, high-Tc supercon-
ductors, and ferroelectrics. Therefore, applications of the 
colossal magnetoresistance (CMR) [1,2] of doped manga-
nites would likely involve magnetic heterostructures [3,4]. 
One can see novel properties in the study of epitaxial man-
ganite films on various substrates, which is potential for 
device applications. Several groups [5] have shown that the 
properties such as Curie temperature Tc, magnetocrystalline 
anisotropy (MCA), and magnetoresistance effect are ex-
tremely sensitive to chemical pressure due to alkaline-earth 
substitution for the rare-earth ions as well as hydrostatic 
pressure [6]. Therefore, it is not surprising that the internal 
“press” consequent upon lattice mismatch between film and 
substrate would dramatically affect the magnetic properties 
of doped manganite thin films. The importance of strain on 
MCA has been established both experimentally [4–6] and 
theoretically [7], and it is found that the anisotropy in films 
is significantly different from that in bulk due to epitaxial 
strain [8,9] and film thickness [9]. MCA plays an important 
role in many magnetic applications including recording me-
dia [10] and magnetoresistive sensors [11], because it af-
fects various behaviors such as magnetization curve, do-
main structure and coercivity. Therefore, appropriate choice 
of substrates or buffer layers for epitaxial films is an effec-
tive strategy to tune their functionality. 
In our early work [12], using ferromagnetic resonance 
(FMR) method, the MCA of the compressively-strained 
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La0.67Ba0.33MnO3(LBMO) films grown on LaAlO3(LAO) 
substrate was studied. An anomalous easy-plane MCA has 
been found in such compressively-strained LBMO films, 
which is in contrast to the out-of-plane easy-axis in the 
same strained La0.67Ca0.33MnO3/LAO films [9]. Naturally, 
we could conjecture that the easy axis would turn from the 
in-plane direction to out-of-plane direction, corresponding 
to a strain changes from compressive to tensile in the LBMO 
films, just contrary to the uniaxial easy-plane MCA in ten-
sile-strained La0.67Ca0.33MnO3 films predicted by Shick’s 
calculation [7]. The unit cell of the LBMO is pseudocubic 
with lattice constant a = 3.909 Å. To achieve tensile strain in 
LBMO films, selecting a suitable substrate is the key point. 
While both cubic rock-salt MgO (a= 4.21 Å) and cubic spinel 
MgAl2O4 (MAO) with a=8.08 Å may be candidates, the lat-
tice mismatch η between LBMO film and MgO substrate is 
about 7.7%, which is too large to epitaxially grow LBMO 
thin film on MgO substrate [13,14]. However, the η between 
LBMO film and MAO substrate is only about 3.35%, which 
is less than half of that in LBMO/ MgO. Ying et al. [15] have 
successfully grown the perovskite Sr-doped BaTiO3 films on 
MAO substrates by PLD, so we select MAO as substrate to 
epitaxially grow tensile-strained LBMO films. 
In this paper, we report the static magnetic, transport 
properties and the FMR study of tensile-strained optimally 
hole-doped La0.67Ba0.33MnO3 thin film epitaxially grown on 
(001) MAO substrate. A notable difference of ~100 K be-
tween the metallic- and ferromagnetic-transition is present-
ed in the tensile-strained LBMO/MAO film, which can be 
attributed to the phase separation picture. The magneto-
crystalline anisotropy of the LBMO/MAO film is investi-
gated using angle-dependent FMR to verify the above con-
jecture. Although the anisotropy constants are much smaller 
than those of LBMO/LAO by one order of magnitude and 
exhibit a complex evolution over temperature, the out-of- 
plane easy-axis anisotropy is presented in the temperature 
range of 40–150 K for the tensile-strained LBMO/MAO 
film as expected. Besides that, several well-resolved modes 
of spin wave resonance (SWR) are also observed in a wide 
temperature range in the configuration of magnetic field 
perpendicular to the film plane. After fitting the FMR spec-
tra to the Lorentzian derivative function, we index several 
modes of SWR. The SWR fields follow the quadratic de-
pendence on mode numbers as proposed by Kittel [16], 
which provides a straightforward way to determine the spin- 
wave stiffness D. It is found out that the spin-wave stiffness 
constant is less than that of the strain-free La0.67Ba0.33MnO3/ 
SrTiO3 film [17], which means that the ferromagnetic dou-
ble exchange is suppressed in biaxis tensile-strained LBMO 
film due to the elongation of Mn-O-Mn bond lengths. 
1  Experiments 
The La0.67Ba0.33MnO3 films were prepared by dc magnetron 
sputtering technique on (001) orientated MgAl2O4 sub-
strates. The procedure to synthesize La0.67Ba0.33MnO3 target 
used during sputtering was given elsewhere [18], and the 
LBMO films were grown on the substrates at 700°C in a 
mixed Ar/O2 background pressure of 5 Pa for 30 min. After 
the deposition, the films were cooled down to room temper-
ature at a rate of 10°C/min in pure oxygen atmosphere at 15 
Pa. To achieve high epitaxial quality and eliminate oxygen 
deficiency, the as-grown films were subsequently annealed 
in O2 ambient in 1 atm gas flow at 550°C for 50 h. The 
cross-sectional SEM imaging indicated a flat film surface 
and thickness of about 67 nm. The room-temperature X-ray 
diffraction (θ-2θ scan and φ scan) showed the epitaxial (001) 
orientation and 4-fold symmetry of LBMO films with an 
out-of-plane lattice parameter c=3.89 Å, which is less than 
that of the bulk LBMO (a=3.91 Å) and confirmed the biaxi-
al tensile strain imposed by the substrate (a/2=4.04 Å). De-
tailed study of structural properties of the film will be re-
ported in forthcoming papers. 
The temperature-dependent magnetization (M-T) of the 
LBMO/MAO film was measured using a commercial su-
perconducting quantum interference device (SQUID) 
(Quantum Design MPMS XL-7) magnetometry in the tem-
perature range between 5 and 350 K after field-cooling (FC). 
The measurements of isothermal magnetization for H ap-
plied parallel and perpendicular to the film plane were also 
performed at different temperatures. The dc resistivity ρ was 
measured using standard four-probe technique at zero mag-
netic field and keeping an external field H applied in the 
film plane, respectively. 
The FMR measurements were carried out at fixed mi-
crowave frequency of 9.39 GHz using a Bruker EMX plus 
10/12 electron paramagnetic resonance (PMR) spectrometer 
equipped with an Oxford liquid helium continuous flow 
cryostat and a cylindrical cavity. The actual data consisting 
of derivative profiles of the absorbed power were obtained 
by a standard field-swept technique with ac field modulation 
and lock-in detection. The schematic diagrams of the FMR 
experimental setup and measurement techniques were given 
in [12]. At various temperatures, the angular dependence of 
FMR measurement was done in two geometry configurations, 
i.e. the polar angle θ=0° (field perpendicular-to-plane, PTP) 
configuration and θ=π/2 (field in-plane, IP) configuration. By 
investigating the dependence of the resonance field Hr on 
temperature in the PTP configuration, we studied the uniaxial 
anisotropy and its temperature dependence. In the IP config-
uration, by changing the azimuth angle φ continuously and 
remaining θ=π/2 unchanged, the in- plane anisotropy of the 
LBMO/MAO film was investigated. 
2  Results and discussion 
2.1  Magnetotransport and static magnetic properties 
Figure 1 displays the temperature dependences of electrical  
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Figure 1  (a) Temperature dependence of resistivity for the LBMO/MAO 
film under different external field H. (b) Temperature dependence of mag-
netization after field cooling; the applied field is 100 Oe parallel to the film 
plane. 
resistivity and magnetization for the LBMO/MAO film. 
With decreasing temperature at zero magnetic field, as 
shown in Figure 1(a), the electrical resistivity increases as 
insulator till 150 K, then changes into a metallic behavior, 
and finally presents an upturn at temperatures below 50 K. 
While the metal-insulator transition (MIT) is one of the 
common features of doped manganites, the transition tem-
perature TMIT~150 K is sizeable lower than 345 K measured 
in LBMO bulk sample, which can be attributed to the effect 
of tensile strain in the LBMO/MAO film. One unexpected 
point is that the electrical resistivity increases once again at 
lower temperatures, which might be related to the spin-glass 
state in the film [19,20]. With increasing H from 0 to 30 
kOe, the electrical resistivity decreases visibly and the MIT 
point moves gradually to higher temperatures just as previ-
ously observed in manganite films.  
Figure 1(b) shows the temperature-dependent magnetiza-
tion M(T) with magnetic field H =100 Oe applied in the film 
plane after field cooling (FC) mode. The M-T curve indi-
cates a ferromagnetic-paramagnetic transition at the Curie 
temperature Tc~250 K, much lower than that of strain-free 
LBMO/STO (Tc~320 K), which can be attributed to the 
weakening of the double exchange interaction due to the 
tensile strain in LBMO film [18]. It is noteworthy that the 
Curie temperature is obviously higher than the MIT temper-
ature in the LBMO/MAO film. Such a divergence between 
the two transition temperatures can be considered in the 
framework of phase separation and percolation transport 
scenario [21]. Another point is that the ferromagnetic transi-
tion in the LBMO/MAO film is wider than that in the 
LBMO/STO film, which reflects a gradual relaxation of 
strain from interface to surface in such a strained film. The 
measurement of isothermal magnetization at 5 K (not shown 
here) for H applied parallel to the film plane gives a satura-
tion magnetizaion Ms of 3.45 μB/f.u., which is close to the 
theoretical value 3.7 μB/f.u.  
2.2  Main mode and magnetocrystalline anisotropy 
analysis 
Figure 2 shows the FMR fields of the LBMO/MAO film in 
two configurations, PTP and IP. It should be pointed out 
that additional SWR are observed in PTP configuration, and 
will be analyzed in detail in Section 2.3. Therefore the FMR 
field shown here for PTP configuration is that of the main 
mode (n=0) resonance. As one can see, at low temperature, 
the FMR position is strongly shifted to high field above 
PMR position when H is applied perpendicular to the 
LBMO film plane, while it is below PMR position when H 
is in the film plane. With increasing temperatures, the FMR 
fields converge gradually toward the PMR field before Tc is 
approached. In PTP configuration, demagnetization effect 
or shape anisotropy may account for the great shift of FMR 
field to PMR position. But besides that, MCA can play its 
role in FMR, especially in such a strained film. Considering 
the biaxial strained film as a crystal structure with tetrago-
nal symmetry, the free-energy density F in an applied dc 
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where the first term describes the Zeeman energy; the sec-
ond term is the demagnetization energy denoting shape an-
isotropy; the last three terms represent the MCA energy of a 
tetragonal structure, where K2 is the second-order anisotro-
py constant and 4K
 , //4K  are the fourth-order anisotropy  
 
 
Figure 2  Temperature dependences of the FMR fields for the LBMO/ 
MAO film observed in two different configurations: IP (open circles) and 
PTP (open squares). In PTP configuration, the data shown here is the filed 
of the main mode of SWR. Solid lines are guides for the eye. The PMR 
position is marked by dashed line at H=3350 Oe. Inset: the schematic dia-
grams of the FMR experimental setup.  
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constants perpendicular and parallel to the film plane,  and 
 are described in the inset of Figure 2. 
A brief theory on MCA constants and a detailed descrip-
tion about the analysis of FMR experimental data can be 
found in [12,22]. Therefore in the PTP configuration, ac-
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where ω is the circular frequency of microwave,    
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Bg   is the gyromagnetic ratio and M is the demagnet-
ization field depending on temperature. 
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(3) 
By substituting the PTP data in Figure 2 into eq. (2), we 
can get the anisotropy constant K2 at various temperatures. 
Figure 3 shows the temperature dependences of anisotropy 
constants for the LBMO/MAO film. Clearly, the maximum 
value of K2 is 2×10
4 J/m3 at low temperature, which is ap-
proximately equal to the absolute value of K2 of tensile- 
strained La0.67Ca0.33MnO3/STO [8] film (η=1.16%) with 
easy-plane character. K2 here is about one order of magni-
tude smaller than the absolute value of K2 for the compres-
sively-strained LBMO/LAO film [12] and La0.67Sr0.33MnO3/ 
STO/Si film [23] with less tensile strain (η~0.51%), which 
implies in some ways that the tensile strain suppresses the 
uniaxial MCA in manganite films. Besides that, the sign of 
K2 changes from positive to negative with increasing tem-
perature above ~150 K. This nonmonotonic behavior was 
also observed in LBMO/LAO films by Lofland et al. [24], 
according to whom the nonmonotonic behavior is the result  
 
 
Figure 3  Magnetocrystalline anisotropy constant K2 (open squares) and 
K4
 (open circles) as functions of temperature for the LBMO/MAO film. 
Solid lines are guides for the eye. 
of magnetostriction. As we know, positive K2 signifies a 
uniaxial anisotropy with the easy axis perpendicular to the 
film plane, while negative K2 corresponds to an easy-plane 
anisotropy. Therefore LBMO/MAO film exhibits an easy- 
plane character at 150 K<T<Tc, but has an uniaxial anisot-
ropy (easy axis) at T<150 K, which is consistent with the 
conjecture that compressive/tensile strain in LBMO films 
results in easy-plane/easy-axis MCA. Referring to the 
transport properties mentioned above, we can find out that 
the sign reversion of K2 just occurs at MIT temperature, i.e. 
~150 K, which suggests a hidden correlation between the 
MCA and transport property in the tensile-strained 
LBMO/MAO film. Reminiscing to the phase separation 
picture, the ferromagnetic-metallic (FM) clusters sprout 
from the paramagnetic-insulating (PI) matrix at tempera-
tures below Tc~250 K, but they are too small to connect 
with each other, so the sample displays a ferromagnetic in-
sulator behavior. Meanwhile, the lattice strain in the small 
FM clusters can be relaxed through the surrounding PI ma-
trix, and then the film shows a small negative K2. With de-
creasing temperature, the FM clusters grow gradually. At 
T=TMIT~150 K, the FM clusters are big enough to connect 
with each other, i.e. the system reaches the percolation 
threshold, and thus the transport behavior is dominated by 
the metallic network. At the same time, the LBMO film 
displays an expected positive K2 induced by the tensile 
strain because the relaxation of strain is difficult in the big 
and crowded FM clusters. 
To obtain the fourth-order anisotropy constants, we in-
vestigated the azimuth angle φ dependence of resonance 
field for the LBMO/MAO film. The sample actually shows 
a very weak four-fold in-plane anisotropy. With varying the 
azimuth angle φ and remaining the polar angle θ=π/2 un-
changed, the oscillation amplitude of the resonance field is 
only about 10 Oe, corresponding to a negligible in-plane 
anisotropy constant //4K ~20 J/m
3 (not shown in Figure 3). 
By substituting the calculated K2 and the in-plane data 
(shown in Figure 2) into eq. (3) and neglecting //4K , we get 
the fourth-order anisotropy constant 4K
  at various tem-
peratures as shown in Figure 3. With decreasing tempera-
ture to ~80 K, one can see that the value of 4K
  is almost 
zero, implying a negligible fourth-order anisotropy. With 
further decreasing temperature below ~60 K, 4K
  becomes 
negative and decreases rapidly to 6×104 J/m3 at ~2 K, and 
its absolute value is comparable with 4K
  of the La0.7Sr0.7 
MnO3/STO/Si films [23]. Comparing with the previously 
reported LBMO/LAO film [12], which shows nearly un-
changed 4K
  and monotonic decreasing resistivity till low 
temperature, it seems that such a sharp decrease of 4K
  in 
the LBMO/MAO film is related to the upturn of resistivity 
at temperatures below ~50 K, but further work is still nec-
essary to understand it in more detail. 
According to the MCA energy expressed in eq. (1) with 
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   for out-of- 
plane and in-plane directions, respectively. So from Tc~250 
K to TMIT~150 K, the LBMO/MAO film displays an easy- 
plane anisotropy with [100]KH ~100 Oe; for 40 K<T<150 K, 
it shows a uniaxial anisotropy with easy-axis along [001] 
direction and [001]KH ~550 Oe. Finally, because the absolute 
value of 4K
  exceeds K2 at T<40 K, the MCA energy 
reaches its minimums at both θ=0° and θ=π/2, indicating 
that the film displays two easy directions parallel and per-
pendicular to the film plane, respectively. As a whole im-
pression, the tensile-strained LBMO/MAO film presents a 
weak magnetocrystalline anisotropy, but the out-of-plane 
anisotropy is evident compared with the compressively- 
strained LBMO/LAO film. 
2.3  FMR spectra and spin wave mode analysis 
Figure 4 shows the observed typical spectrum at 9.39 GHz 
and 180 K in PTP configuration. A series of additional 
peaks are discerned clearly, leading to the suggestion of the 
appearance of SWR. The SWR in manganites was firstly 
observed by Lofland et al. [17] in LBMO thin films. For the 
films allowing the excitation of the standing SWR, the SWR 
must be taken into account in eq. (2). According to Kittel 
[16], and considering the mangnon dispersion law E=Dk2, 











If surface spins are completely pinned or completely un-
pinned, then spin wave vector can be written as k=n2π2/L, 
where L is the film thickness, and n corresponds to the 
number of half wavelength across the film thickness for the  
 
 
Figure 4  FMR and spin wave resonance spectrum at 9.39 GHz and 180 
K. The solid line shows a fit based on a Lorentzian derivative absorption 
function. The inset region is shown on an expanded-vertical scale. 
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Equation (5) gives a series of resonance fields Hrn 
(written as Hn hereafter) corresponding to different integer n, 
i.e. additional modes of SWR character as shown in Figure 
4. The strongest peak in Figure 4 is assigned to n=0 corre-
sponding to the uniform FMR mode [25], and the solid line 
shows a fit based on a Lorentzian derivative function to 
precisely determine the resonance fields. For a Lorentzian 
derivative function, the peak-to-peak width = / 3,W  
where W is the full width at half maximum (FWHM). For 
example, the Hr and Γ of the main mode at T=180 K are 
determined as 7128 Oe and 52 Oe, respectively. 
After that, the SWR field positions are indexed to give a 
good match to a linear dependence of Hn on n
2 as shown in 
Figure 5. We assign consecutive numbers to mode index n 
and check whether the linear dependence of Hn on n
2 holds 
as predicted by eq. (5). The best correspondence to eq. (5) is 
achieved for the sequence n=0, 5, 7, 9…, and the odd num-
bers of n implied that the spins at surface in our film are 
completely pinned. The absence of the lower-mode peaks 
was also observed in permalloy film by Seavey and Tan-
nenwald [26], who attributed it to the strong damping of the 
lower resonance modes. 
As depicted in Figure 5, the slopes of Hn vs n
2 lines be-
come abrupt at T≤40 K, yielding stronger spin-wave ex-




Figure 5  Plot of mode field Hn vs n2 at different temperatures. Symbols 
indicate Hn measured at fixed microwave frequency 9.39 GHz and micro-
wave power of 2 mW. The solid lines show the linear fit to the data. For 
clarity and comparison, the data for T≤40 K are shown in panel (a), which 
is on the same scale as panel (b). 
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Figure 6  Temperature dependence of the spin-wave stiffness. Symbols 
indicate the result calculated from the slope of Hn vs n
2 in Figure 5. The 
solid line is the fitting curve by eq. (6), where D(0)=16.36 meV Å2, and 
β=4.8×107 K5/2.  
constants D deduced from the slopes of Hn vs n
2 lines ac-
cording to eq. (5) at various temperatures. It can be seen in 
Figure 6 that D=20.7 meV Å2 at T=2 K, which is only about 
half of 47 meV Å2 for strain-free LBMO/SrTiO3 films [17]. 
The reduction of stiffness constants may arise from the sup-
pression of magnetic coupling due to the tensile strain. 
Spin-wave theory [27] suggests that the dynamical interac-
tion between the spin waves gives a T5/2 behavior: 
 5/ 2( )= (0)(1 ),D T D T  (6) 
where 
2
l  , and 2l  gives the range of the exchange 
interaction. The solid line in Figure 6 is the fitting of eq. (6) 
to the experimental data with β=4.8×107 K5/2, a reasonable 
value compared with β=2.9×107 K5/2 for strain-free 
LBMO/SrTiO3 films [17]. The fitting curve is in quite good 
agreement with measured D except for T≤40 K, below 
which the electrical resistivity shows an upturn, suggesting 
some relationship between magnetic exchange and delocal-
ization of eg electrons. According to eq. (6), the abrupt in-
crease of D corresponds to the suppression of the range of 
exchange interaction 
2
l , suggesting the enhanced localiza-
tion of itinerant electrons, i.e. the increase of resistivity in 
the framework of double exchange, which is confirmed by 
the ρ vs. T curves at low temperatures shown in Figure 1. 
3  Conclusions 
The tensile-strained La0.67Ba0.33MnO3 films grown on (100) 
MAO substrates have been achieved by dc magnetron sput-
tering technique. We have measured the static magnetic, 
transport properties and taken the FMR study of the LBMO/ 
MAO films. The results indicate that the tensile strain in the 
LBMO/MAO film strongly suppresses the double exchange 
interaction, which in turn leads to the decrease of the Curie 
temperature Tc and phase separation characteristic, i.e. the 
MIT temperature TMIT~150 K is much lower than Tc~250 K. 
Meanwhile, the tensile strain also weakens the MCA obvi-
ously by one order of magnitude, compared with that of 
compressively-strained LBMO/LAO films [12], and then 
the MCA displays a subtle relationship with the transport 
properties. The LBMO/MAO film exhibits a weak in-plane 
anisotropy at temperature between Tc and TMI. With further 
decreasing temperature, it clearly shows a uniaxial anisot-
ropy with easy-axis along the out-of-plane direction till 
T~40 K, below which the resistivity changes into insulator 
state again, and then the film displays two easy directions 
parallel and perpendicular to the film plane, respectively. 
On the whole, the out-of-plane easy-axis anisotropy in the 
LBMO/MAO film is consistent with the prediction pro-
posed in our previous work [12], i.e. compressive/tensile 
strain in LBMO films results in easy-plane/easy-axis MCA, 
which is totally opposite to what happens in Sr- and 
Ca-doped manganite films [9]. Besides that, the spin wave 
resonance has also been observed in a wide temperature 
range in the configuration with H perpendicular to the film 
plane. By scaling the SWR modes at various temperatures, 
the temperature dependence of the spin-wave stiffness con-
stant D is obtained following the work of Lofland et al. [17]. 
It is found out that D(0), which is proportional to the 
strength of exchange interaction, in the tensile-strained 
LBMO film is half of that in the strain-free films [17]. The 
result demonstrates again that the magnetic coupling is 
weakened by tensile strain in the LBMO/MAO film due to 
the elongation of the Mn-O bond lengths. The results on 
MCA are important to tailor the magnetization curves and 
other magnetic properties in heterostructures to realize their 
functionality. 
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